Working memory dysfunction is an especially debilitating symptom in schizophrenia. The NMDA antagonist ketamine has been successfully used to model working memory deficits in both rodents and nonhuman primates, but how it affects the strength and the consistency of working memory representations remains unclear. Here we recorded single-neuron activity in the lateral prefrontal cortex of macaque monkeys before and after the administration of subanesthetic doses of ketamine in a rule-based working memory task. The rule was instructed with a color cue before each delay period and dictated the correct prosaccadic or antisaccadic response to a peripheral stimulus appearing after the delay. We found that acute ketamine injections both weakened the rule signal across all delay periods and amplified the trial-to-trial variance in neural activities (i.e., noise), both within individual neurons and at the ensemble level, resulting in impaired performance. In the minority of postinjection trials when the animals responded correctly, the preservation of the signal strength during the delay periods was predictive of their subsequent success. Our findings suggest that NMDA receptor function may be critical for establishing the optimal signal-to-noise ratio in information representation by ensembles of prefrontal cortex neurons.
Introduction
In patients with schizophrenia, cognitive symptoms such as working memory impairments are particularly debilitating and difficult to remediate (Elvevåg and Goldberg, 2000; GoldmanRakic et al., 2004; van Os and Kapur, 2009; Lett et al., 2014) . To understand the neural processes underlying this deficit, the NMDA antagonist ketamine has been successfully used to model working memory dysfunction in both rodents (Wesierska et al., 1990; Enomoto and Floresco, 2009; Rushforth et al., 2011) and nonhuman primates (Condy et al., 2005; Skoblenick and Everling, 2012; Blackman et al., 2013; Gil-da-Costa et al., 2013) .
Working memory, the process of actively holding and manipulating information in memory (Baddeley and Della Sala, 1996) , was thought to rely on persistent activation of prefrontal cortex (PFC) neurons (Fuster and Alexander, 1971; Funahashi et al., 1989; Quintana and Fuster, 1999) or on linear ramping activity throughout the delay period (Quintana and Fuster, 1999; Durstewitz, 2004 ; Johnston and Everling, 2006) . NMDA receptor currents are likely involved in these persistent firing modes, because their long decay time supports activity in the absence of contin-uous synaptic input (Spruston et al., 1995; Durstewitz et al., 2000a) . Equally important are the inhibitory currents through GABA A channels, which help to counteract high-activity states and limit the representations currently active (Durstewitz et al., 2000a,b; Seamans et al., 2003) . It is believed that the coordinated activity of glutamatergic pyramidal neurons and GABAergic interneurons shape the representations maintained during the delay periods Rao et al., 2000; Constantinidis and Wang, 2004) .
Ketamine-induced blockade of NMDA receptors on pyramidal neurons may reduce persistent activity and therefore the strength or fidelity of working memory representations. Alternatively, if NMDA antagonists exert a stronger effect on fast-spiking GABAergic interneurons (Moghaddam et al., 1997; Olney and Farber, 1997; Lorrain et al., 2003; Jackson et al., 2004; Homayoun and Moghaddam, 2007) , the net effect could be disinhibition of pyramidal neurons (Jackson et al., 2004; Coyle, 2006; Skoblenick and Everling, 2012) . Under disinhibition coupled with the reduction of NMDA currents on pyramidal neurons, persistent activities can only be supported by AMPA currents (Gutkin et al., 2001; Hansel and Mato, 2001; Koulakov, 2001; Latham and Nirenberg, 2004) , which are transient and often nonspecific, and may lead to poor working memory performance (Skoblenick and Everling, 2012) . Hence, it is unclear whether ketamine impairs working memory by weakening information representation, by augmenting the variance of the representation, or both.
Previous studies from our laboratory have demonstrated that ketamine severely impaired performance in a working memory task that required the animals to make prosaccades to or antisaccades away from the target, with the rule dictated by a color cue given before the delay (Skoblenick and Everling, 2012, 2014) . Here we deconstruct the effects of ketamine on signal, noise, and the signal-to-noise ratio (SNR) of pyramidal neurons and ensembles during the delay period. Since the rules dictate the appropriate saccadic response during the postdelay stimulus, the "signal" was defined as the difference in the averaged delay-period activities between the prosaccade and antisaccade trials, whereas the "noise" was the trial-to-trial variance. We found that ketamine reduced the ensemble SNR by weakening the signal and amplifying the noise simultaneously, at both single-unit and ensemble levels.
Materials and Methods
Data were collected from two male adult rhesus monkeys (Macaca mulatta) following guidelines of the Canadian Council of Animal Care and protocols approved by the Animal Use Subcommittee of the Western University Council on Animal Care. All experimental procedures have been described in detail previously (Skoblenick and Everling, 2014) .
Behavioral task. The task has been described in detail in previous manuscripts from our laboratory (Skoblenick and Everling 2012, 2014) . On each trial, the instruction cue for the rule was presented following an initial 100 ms fixation period by changing the central white fixation spot to either red or green (Fig. 1A) . For Monkey O, the green cue indicated that the animal had to look toward the subsequent peripheral stimulus (i.e., prosaccade), whereas the red cue indicated that a saccade away from the stimulus (i.e., antisaccade) was required (Fig. 1A) . The color-rule mapping was reversed for Monkey T. The cue lasted for 200 ms and turned back to white for a variable delay of 700 -1000 ms, before the onset of the peripheral stimulus 8°to either the left or right of the fixation spot. To obtain a water reward, the animal had to saccade to the correct target location within a circular window with a diameter of 8° (Fig. 1A) . Trials involving prosaccades to the left and the right and those involving antisaccades to the left and the right were pseudo-randomized. The animals' eye positions were recorded and digitized at 120 Hz using an ISCAN infrared pupillary tracking system (ISCAN).
Multielectrode recording. Extracellular recordings were conducted with a semichronic screw microdrive system (Neuronitek) attached to 32 individually moveable tungsten microelectrodes (FHC). The electrode distances were 1 mm center to center in a 6 ϫ 6 grid with the four corner electrodes acting as reference electrodes. The positioning of the system was guided by anatomical MR images to target the area in and around the posterior principal sulcus (Fig. 1B) . To ensure a relatively unbiased sampling of lateral PFC (LPFC) neural activity, we did not prescreen neurons for task-related responses. The microdrive system remained implanted for up to 2 weeks before it was removed for cleaning and maintenance. Neuronal data were acquired and filtered with a multiacquisition processor system (Plexon). Recorded neurons were sorted off-line using Offline Sorter (Plexon). Horizontal and vertical eye positions and the occurrence of behavioral events were also stored in the Plexon acquisition system. Drug administration. Each experimental session began with a minimum 10 min period of preinjection activities during which the animal performed blocks of trials in a pseudo-randomized order. Then during a ϳ15 s pause to the experiment, the animals received a single subanesthetic intramuscular injection of either 0.4 ml of ketamine (0.4 mg/kg, diluted in sterile saline) or 0.4 ml of sterile saline into their right tricep brachii muscle. This dose of ketamine has been found to elicit cognitive deficits with minimal anesthetic effects in rhesus monkeys (Condy et al., Figure 1 . Schematic illustrations of methods and materials. A, Experimental paradigm. Each trial started with a white fixation circle, which lasted for 0.1 s before turning green or red, signaling a prosaccade or antisaccade trial, respectively (the contingency was reversed for the other subject). In 0.2 s, the central spot turned back to white, which initiated the delay period lasting anywhere from 0.7 to 1 s and ending upon the onset of the peripheral stimulus. According to the green/red instruction cue, the animals now made either a prosaccade or antisaccade with reference to the peripheral stimulus and were rewarded for correct responses. B, Recording location. All electrodes were placed within the bilateral lateral prefrontal cortex. The locations were confirmed with MRI.
2005; Stoet and Snyder, 2006; Shen et al., 2010; Blackman et al., 2013) . Previous studies from our laboratory have compared the behavioral effects of ketamine with an injection of 0.4 ml of sterile saline (Skoblenick and Everling, 2012, 2014) ; hence, the saline controls will not be analyzed here. The behavioral paradigm resumed after the injection and continued for at least 40 min. Ketamine injections were spaced by at least 4 d to avoid cumulative dosing effect.
Data analysis. A total of nine ensembles (N min ϭ 14) containing 307 neurons were recorded from two monkeys. All neurons were included in the analyses. One animal had a 15 min preinjection period on each recording session, whereas the other animal had 10 min. After the injection, the behavioral effect of ketamine took ϳ5 min to develop and almost returned to baseline by 25 min after injection. Therefore, for each session, 10 min immediately preceding the injection and the period from 5 to 25 min after injection were included in all analyses. All analyses focused on the delay period in each trial, starting at the disappearance of the instruction cue and ending after the onset of the peripheral stimulus. The analyses were performed using custom-made MATLAB (Mathworks) algorithms.
Standard deviation and coefficient of variation across trials. For all analyses, we first binned the activities of each neuron at 100 ms and calculated its firing rate in each bin. All analyses involve activities taken exclusively from the delay period. Because the delay period varied between 700 and 1000 ms, six consecutive 100 ms bins of activities were used from each trial. The sixth bin was defined as the bin immediately preceding the one containing the onset of the peripheral stimulus. To quantify trial-to-trial variance, we averaged the firing rates across the six bins for each trial for each neuron. The binning procedure was used to stay consistent with later analyses where z-scores were used.
Neural activities throughout each session were divided into 10 min periods, with one preinjection period and four postinjection periods. Because the number of trials varied in each time period and because sample SD is affected by sample size, we randomly selected 11 trials for each rule and each treatment condition for the calculation of SD and coefficient of variation (CV). This process was repeated 1000 times, and the results were averaged. The coefficient of variation was calculated as the ratio between the SD in firing rate across trials and the mean firing rates across trials.
Single-unit analysis of SNR. The SNR was defined as the differences in delay-period firing rates between prosaccade and antisaccade trials, divided by the trial-to-trial variance (Eq. 1). We calculated the SNR separately for preinjection and postinjection periods. If the overall level of neural activity were held constant, the signal would simply be the difference between the mean activities associated with the two rules. Any possible differences in the overall level of activity (e.g., as a result of ketamine injection) were taken into account by subtracting the difference between two random trial sets within that condition from the actual firing rate differences associated with the two rules. The end result was the signal specific to rules. The noise, defined as trial-to-trial variance in delay-period firing rates, was computed as the pooled SD of both trial types: ͱ͑ i,t⑀P
Therefore, the equation for SNR for the task rule representation in single units can be written as follows:
where r i (t) denotes the firing rate of neuron i in time period t, ͳ⅐ʹ denotes the mean, 2 denotes variance, P is the prosaccade trial set, A is the prosaccade trial set, R 1 is a random trial set containing both prosaccade and antisaccade trials, and R 2 is the random trial set containing all the remaining trials.
We used the bootstrapping procedure to control for the difference in trial number in different treatment conditions and different sessions. Specifically, for each neuron both before and after ketamine injection, 24 trials were randomly selected from the prosaccade and the antisaccade trials, respectively, to compute the single-neuron SNR. The selected trials were then shuffled to create the two random trial sets, which were used to control for the general activity-enhancing effect of ketamine. This process was repeated 100 times, and the results were averaged to produce the final SNR. In one analysis comparing correct and error trials (see Fig.  3D ), nine correct and nine error trials were randomly selected in each iteration because of the limited numbers of correct and error trials. To illustrate its temporal changes, we also calculated the SNR for the 10 min period immediately before injection and four consecutive 10 min periods after the injection (see Fig. 4 ).
Ensemble analysis of SNR based on Mahalanobis distance. For SNR analyses at both single-unit and ensemble levels, we took the z-scores of the 100 ms binned data in an attempt to equalize the contributions from neurons with both high and low firing rates.
The firing rates of all neurons in a given ensemble (i.e., all simultaneously recorded neurons in a single session) can be plotted in a multiple single-unit activity (MSUA) space (Durstewitz et al., 2010; Hyman et al., 2012) , where an N ϫ 1 population activity vector (N is ensemble size) gives rise to a single point in the N-dimensional space. We defined ensemble SNR as the Mahalanobis distance (D Mah ) between the clusters of points in the MSUA space representing delay-period activities from prosaccade trials and antisaccade trials. D Mah is calculated as the Euclidean distance between the two groups of population vectors (i.e., clusters of points in the MSUA space), divided by their pooled covariance matrix. The Euclidean distance (D Euc ) is computed between the trial-averaged ensemble activities associated with the two rules in the N-dimensional space. By our definition, the D Euc is the rule signal at the ensemble level. The denominator for the calculation of D Mah , the pooled covariance matrix, contains the trial-to-trial variance of each neuron as well as the covariance between each pair of neurons in the ensemble. It therefore is the ensemble-level equivalence to our definition of noise at the singleunit level. Because the covariance in the activities of any two neurons depends on both their correlation and the variance in each neuron, we computed the averaged pairwise correlation coefficient instead of the covariance in the ensembles. Since the D Mah has D Euc as the numerator and the pooled covariance matrix as the denominator, it is an ideal way of quantifying the ensemble signal-to-noise ratio.
Analogous to the single-unit analysis, we had to account for ketamineinduced changes in overall activity. To disentangle the general activityenhancing effect of ketamine from the specific changes in SNR for rule representation, we subtracted the D Euc between shuffled trial sets from the difference between the D Euc between rules to obtain the signal component of the SNR.
To control for differences in ensemble size and number of trials, a bootstrapping procedure was applied by randomly selecting 11 neurons and 24 trials. The computation was iterated 100 times for ensemble size and 100 times for trial number.
For visualization purposes, we used multidimensional scaling (MDS) to reduce the MSUA space of a single session to a two-dimensional plane (see Fig. 6 A, C). It should be noted that all group statistics (shown in Fig.  5 ) were performed in N-dimensional space (N is bootstrapped ensemble size) rather than in any dimension-reduced space.
Waveform analysis for separation of broad-spiking and narrow-spiking neurons. We also tested whether ketamine had different effects on broadspiking neurons (BSNs; putative pyramidal neurons) and narrowspiking neurons (NSNs; putative fast-spiking interneurons). First, the waveform data were read into MATLAB from .nex files using codes provided by NeuroExplorer (Nex Technologies). We then computed the peak-to-trough latency of the recorded extracellular waveforms of each neuron. Based on the bimodal distribution of the peak-to-trough latencies of the neuronal population recorded in the current study, we defined neurons with peak-to-trough latencies shorter than 270 s as NSNs and those with latencies longer than 270 s as BSNs. This empirically determined criterion is also identical to that used in previous studies from our laboratory using the same techniques (Johnston et al., 2009; Skoblenick and Everling 2014) . After the classification, we characterized the firing rates and the variance in the activities of both types of neurons, both before and after ketamine injection. We also applied the single-unit analysis of the SNR to each type of neuron separately.
Results
While past studies considered activity during all task epochs (Johnston and Everling, 2006; Johnston et al., 2009; Skoblenick and Everling, 2012 ), here we focused on prefrontal activity specifically during the delay periods. We included all neurons in the analysis, and not just those that exhibited specific activity patterns during delay periods, to avoid assumptions regarding to how a neuron may encode information.
Effects of ketamine on behavior and LPFC activities during the delay periods
Consistent with previous findings from our laboratory (Skoblenick and Everling, 2012, 2014), ketamine decreased the percentage of correct responses (repeated-measures ANOVA, F (4,32) ϭ 11.7, p ϭ 5.9 ϫ 10 Ϫ6 ; Fig. 2A ) as well as increased the response reaction time in our working memory task (repeated-measures ANOVA, F (4,32) ϭ 14.1, p ϭ 9.9 ϫ 10 Ϫ6 ; Fig. 2B ). The first 10 min after the injection saw a significant decrease in performance (Tukey's post hoc test, p ϭ 0.015) and an increase in reaction time ( p ϭ 0.00013). Performance deteriorated even more during the second 10 min postinjection period (0 -10 vs 10 -20 min; p ϭ 0.043), whereas reaction time stayed at the same level ( p ϭ 0.997). Toward the end of the sessions, whereas the percentage of correct responses fully recovered (30 -40 min vs preinjection period; p ϭ 0.74), the reaction time remained longer than before the treatment ( p ϭ 0.016).
We then examined different aspects of prefrontal activity, including the mean firing rates, trial-to-trial SD in firing rates, and the CV during delay periods, to see if they responded to ketamine after a similar time course to either behavioral measurement. A Figure 2 . Changes in behavior and descriptive statistics of LPFC neural activity throughout the sessions. A, Ketamine reduced the percentage of correct trials, which reached the lowest point during the second 10 min period after injection, and gradually recovered. B, Ketamine increased the averaged reaction time of the saccadic response, which plateaued during the first 20 min after injection, and then decreased but did not fully recover by the end of the sessions. C, The mean firing rates across all neurons recorded increased gradually after ketamine injection and eventually plateaued toward the end of the sessions. D, Ketamine injection increased the mean firing rate across neurons recorded in every session from both Monkey O and Monkey T. Each session is plotted in a distinct color. E, Ketamine injection increased the trial-to-trial SD across all neurons at a steady rate throughout the sessions. F, The CV, or the SD-to-mean ratio in activities across all trials, decreased after ketamine injection during the first 20 min after injection and remained at the same level for the rest of the recording sessions. This indicates that the mean firing rate in C increased at a greater pace than the SD shown in E. G, Ketamine injection increased the averaged CV across neurons recorded in every session from both Monkey O and Monkey T. Error bars indicate the SEM.
main effect of ketamine in past studies is that it increased overall firing (Moghaddam et al., 1997; Jackson et al., 2004) . Consistent with these data, in the present study, ketamine injection also enhanced overall activity (repeated-measures ANOVA, F (4,1224) ϭ 37.8, p Ͻ 4.9 ϫ 10 Ϫ324 ; Fig. 2C ). This activity-enhancing effect was consistently observed across sessions within subjects as well as across subjects (Fig. 2D) . Although the mean firing rates reached a plateau between 10 and 20 min after the injection (Tukey's test; before vs 0 -10 min after injection, p ϭ 4.3 ϫ 10 Ϫ5 ; 10 -20 min vs 20 -30 min after injection, p ϭ 0.52; 10 -20 min vs 30 -40 min after injection, p ϭ 0.64), the SD across trials continued to rise toward the end of the sessions (repeated-measures ANOVA and Tukey's test, F (4,1224) ϭ 44.4, p Ͻ 4.9 ϫ 10 Ϫ324 ; before vs 0 -10 min after injection, p ϭ 2.6 ϫ 10 Ϫ5 ; 10 -20 min vs 20 -30 min after injection, p ϭ 0.0062; 10 -20 min vs 30 -40 min after injection, p ϭ 5.7 ϫ 10 Ϫ5 ; Fig. 2E ). Because SD increased at a slower rate than the mean firing rate after ketamine injection, the CV, or the SD-to-mean ratio, decreased as a result of the manipulation (repeated-measures ANOVA, effect of time, F (4,1168) ϭ 28.3, p Ͻ 4.9 ϫ 10 Ϫ324 ; Tukey's test, p ϭ 5.3 ϫ 10 Ϫ4 , 1.7 ϫ 10 Ϫ5 , 1.7 ϫ 10 Ϫ5 , and 1.7 ϫ 10 Ϫ5 , respectively, for the comparison between baseline and 0 -10, 10 -20, 20 -30, and 30 -40 min postinjection periods; Fig. 2F ). Again, this reduction in CV was consistently observed across sessions within subjects and across subjects (Fig. 2G) .
Effects of ketamine on the SNR for rule representation in single neurons
The SNR for task rules was defined as the difference between the delay-period activities associated with the two rules (adjusted for the general rise in activity), relative to the trial-to-trial variance in delay-period activity (Eq. 1). When only correct trials were considered, the SNR among single neurons did not change as a result of ketamine injection (paired t test, t (249) ϭ 0.0195, p ϭ 0.98; Fig.  3A) . By contrast, when errors were included in the analysis, the SNR in single neurons decreased significantly after ketamine treatment (paired t test: t (304) ϭ 2.97, p ϭ 0.0032; Fig. 3B ). Therefore, ketamine disrupted the representation of rule information within individual PFC neurons during the delay periods and especially on error trials.
To fully understand the change in SNR, we analyzed the signal and the noise separately. The rule signal, or the average background-corrected firing rate difference between prosaccade and antisaccade trials, was the same before as after ketamine when only correct trials were considered (paired t test, t (252) ϭ -0.762, p ϭ 0.45; Fig. 3C ). In contrast, when error trials were included, the rule signal was significantly weakened by ketamine (paired t test, t (306) ϭ 2.65, p ϭ 0.0084; Fig. 3D ). On error trials, the signal was already weaker during the delay periods immediately before the errors were made compared with the signal strength preceding correct responses (paired t test, t (252) ϭ 2.05, p ϭ 0.041; Fig. 3E ). This was true regardless of whether the preceding trial contained an error or not.
The noise component of the SNR reflected the trial-to-trial variance and was operationalized as the SD in firing rates, pooled from both prosaccade and antisaccade trials. The variance in these two trial types is presented side by side in Figure 3F . The trial-to-trial variance during the delay periods was increased by ketamine even when only correct trials were considered (repeated-measures ANOVA, main effect of ketamine, F (1,504) ϭ 79.4, p Ͻ 4.9 ϫ 10 Ϫ324 ; Fig. 3F ). This was equally true for both prosaccade and antisaccade trials (no effect of rule: F (1,504) ϭ 0.055, p ϭ 0.81; Fig. 3F ). As one would expect, the trial-to trial variance was still present after ketamine injection when error trials were also included (repeated-measures ANOVA, main effect of ketamine, F (1,612) ϭ 123.4, p Ͻ 4.9 ϫ 10 Ϫ324 ; Fig. 3G ). In individual neurons, ketamine weakened the SNR for task rules, attributable to both a reduction in the signal and an increase in the noise. A, Considering correct trials only, the SNR was unchanged by acute ketamine administration (white bar, before injection; black bar, after injection). B, When error trials were also included, the SNR was significantly weakened after the injections. C, The rule signal, measured as the difference between the mean firing rates associated with prosaccade and anti-saccade trials, remained the same in correct trials after ketamine injections. D, When error trials were also included, the rule signal dropped significantly after the injections. E, After ketamine injections, the rule signal was significantly lower during the delay periods in error trials (dark gray) than in correct trials (light gray). F, Considering correct trials only, the noise, measured as the SD across all prosaccade (gray) or antisaccade (black) trials, increased as a result of ketamine. The amount increased was similar for both rules. G, When error trials were also included, the SD across all prosaccade (gray) or antisaccade (black) trials also increased as a result of ketamine. The amount increased was similar for both rules. Error bars indicate the SEM. H, Activity of a single neuron in both types of trials. In the raster plots, each line segment represents a single spike. Lines at the bottom depict the mean, and their shade reflects the SEM across all prosaccade (blue) and antisaccade (red) trials, respectively. The dashed lines delimit the delay periods. Whereas the neuron responded differently in the prosaccade (blue line) and the antisaccade (red line) trials before ketamine injection (left), this distinction mostly disappeared after the injection (right). The loss of the SNR for rules occurred despite the increase in overall activity. *p Ͻ 0.05, ***p Ͻ 0.0001.
Therefore, ketamine enhanced trial-to-trial variance in both prosaccade and anti-saccade trials to the same extent, during delay periods preceding both correct and erroneous responses. Figure  3H shows the activity of a single neuron in both types of trials. The dashed lines delimit the delay periods. Whereas the neuron responded differently in the prosaccade (blue line) and the antisaccade (red line) trials before ketamine injection (Fig. 3H, left) , this distinction largely disappeared after the injection (Fig. 3H , right). The loss of SNR for rules occurred despite the increase in overall activity. To determine whether the change in SNR for rules tracked the timing in behavioral performance, we computed the SNR for each of the five 10 min periods (one before and four after the injection). Consistent with the findings above (Fig. 3B) , ketamine significantly impaired the SNR within the first 20 min after injection (repeated-measures ANOVA, F (4,1204) ϭ 2.93, p ϭ 0.02; Fig.  4A , black line, left y-axis). Both deterioration and rebound in the SNR appeared to slightly precede the decrease and subsequent recovery of correct responses (Fig. 4A, gray line, right y-axis) . The course of change in the SNR (Fig. 4B , black line, left y-axis) also coincided with the increase and decrease in saccadic reaction time (Fig. 4B, gray line, right y-axis) , although unlike the SNR, reaction time did not fully recover at the end of the sessions. Together with Figure 2 , these results demonstrate that the SNR for rule representation was better correlated with behavioral changes than other measurements such as mean, SD, and CV of firing rates across trials.
Effects of ketamine on the SNR for rule representation at ensemble level
We then examined the effect of ketamine on the SNR at the ensemble level where interactions among neurons could be taken into consideration. We considered all simultaneously recorded neurons in a given session as part of an ensemble, without excluding any neuron on the basis of task selectivity. A single SNR was calculated for each ensemble, and the group statistics were performed across ensembles. The SNR for rule representation at the ensemble level had the same definition as at the single neuron level in that it was a ratio of the difference between prosaccade and antisaccade trials relative to the trial-to-trial variance. To calculate the ensemble rule signal, we summed the square of the differences in activity between prosaccade and anti-saccade trials from each neuron in the ensemble and took the square root of the sum. In other words, the signal was the Euclidean distance between the clouds of points in the MSUA space, which used the firing rates of each neuron in the ensemble as axes. To quantify and control for the generalized effect of ketamine, for each ensemble we computed the Euclidean distances in the MSUA space between shuffled groups of trials and subtracted them from the Euclidean distance between the prosaccade and antisaccade trials. The ensemble SNR also took the pooled covariance matrix rather than the pooled SD from both trial types as the denominator (i.e., the noise). The covariance matrix contained not only the trial-to-trial variance of each neuron but also the covariance between each neuronal pair in the ensemble. In all calculations, bootstrapping was used to control for the inequality in ensemble size and number of trials across sessions.
Because of the strong deleterious effect of ketamine on working memory performance, only six sessions had a sufficient number of correct trials of each trial type to analyze. We therefore had a small sample size for analysis, and each data point is overlaid on the bars as gray dots (Fig. 5A) . When only correct trials were analyzed, ketamine did not change the overall ensemble SNR between prosaccade versus antisaccade trials (Wilcoxon signedrank test, Z ϭ 1.57, p ϭ 0.12; Fig. 5A ). In contrast, ketamine changed the overall ensemble SNR between prosaccade versus antisaccade trials when error trials were included (paired t test, t (5) ϭ 4.04, p ϭ 0.0037; Fig. 5B) . Overall, the effect of ketamine at the ensemble level closely resembled its effect in the individual neurons, as it disrupted the representation of rules during the delay periods even though its generalized effect on overall activity was controlled for.
The rule signal at the ensemble level was the backgroundcorrected Euclidean distance between points in the MSUA space associated with prosaccade versus antisaccade trials. If only correct trials were analyzed, this distance was not affected by ketamine (t (5) ϭ Ϫ0.57, p ϭ 0.59; Fig. 5C ). However, if both correct and error trials were considered, this distance was smaller after ketamine (paired t test, t (8) ϭ 2.49, p ϭ 0.038; Fig. 5D ). These results are consistent with the findings from the single-unit analyses above and suggest that ketamine compromised the SNR for rule representation in the ensembles during the delay periods. The noise component of the ensemble SNR had two aspects, the variance in each neuron's activities and the covariance between the activities of each pair of neurons, which were assessed by their correlation coefficient in addition to their variance. When only correct trials were considered, ketamine injection resulted in a significant increase in the trial-to-trial single neuron variance for both prosaccade and antisaccade trials (repeatedmeasures ANOVA; main effect of treatment, F (1,10) ϭ 40.3, p ϭ 8.4 ϫ 10 Ϫ5 ; no effect of rule, F (1,10) ϭ 0.041, p ϭ 0.84; Fig. 5E ). Yet ketamine caused no change in the averaged absolute pairwise correlation coefficient (repeated-measures ANOVA, F (1,10) ϭ 0.34, p ϭ 0.57; Fig. 5F ). These results were similar even when error trials were added as the total trial-to-trial variance of each neuron was increased for both prosaccade and antisaccade trials (repeated-measures ANOVA, F (1,16) ϭ 49.1, p ϭ 3.0 ϫ 10 Ϫ6 ; no effect of rule, F (1,10) ϭ 0.0091, p ϭ 0.93; Fig. 5G ), and the correlation coefficients between neurons was unaffected (repeatedmeasures ANOVA, F (1,16) ϭ 1.48, p ϭ 0.24; Fig. 5H ). Therefore, whereas ketamine increased the trial-to-trial variance in ensemble activity, it did not affect the correlations between neurons across trials. In summary, a decrease in signal strength as well as an increase in noise both contributed to the reduction in the SNR for rules in the LPFC ensembles.
As a single-session example, the ensemble activity in each trial was collapsed to a two-dimensional plane using MDS (Fig. 6A) . Although the MDS was performed using both preinjection and postinjection trials combined, they were plotted separately for clarity (Fig. 6 A, C) . Each dot represents the two-dimensional projection of the 61 ϫ 1 population vector (one firing rate value for each neuron) recorded during the delay period of a single trial. Dots were colored blue if they were activities associated with prosaccade trials and red if they were from antisaccade trials.
Comparing Figure 6 , A and C, it was clear that the population activities from each type of trial were better clustered and differentiated from the other trial type before versus after the injection. This meant that compared with the preinjection period, ketamine increased the noise in the ensemble activity pattern across trials for a given rule, which in turn produced a lower rule-based SNR. In addition, Figure 6 also shows the averaged standardized activity from each neuron in the 61-unit ensemble before (Fig.  6B) and after (Fig. 6D ) the ketamine injection. Whereas ketamine caused more neurons to fire above their mean activity level (Fig.  6D ) compared with baseline (Fig. 6B) , the signal, or the difference in the neurons' responses to the two rules, diminished (Fig. 6B,  gray boxes) . Together, delay-period activities from this ensemble provided an example of how both increased noise and weakened signal can affect the SNR for rules.
Effects of ketamine on SNR for rule representation in different neuronal types
Different types of neurons play different roles in the local cortical circuitry and may be differentially affected by ketamine on this task. We categorized the population into putative pyramidal neurons and putative fast-spiking interneurons based on the bimodal distribution of their peak-valley latencies ( Fig. 7A ; Johnston et al., 2009) . Neurons with peak-valley latencies Ͼ270 s were classified as BSNs, whereas those with peak-valley latencies smaller than 270 s were NSNs. BSNs, or putative pyramidal neurons, consisted of ϳ84% of all neurons, whereas NSNs, or putative fast-spiking interneurons, consisted of ϳ16% of the population. When all trials and both trial types were combined, the firing rates of the NSNs were higher than the BSNs (repeated-measures ANOVA, effect of neuronal type: F (1,305) ϭ 4.92, p ϭ 0.027; Fig.  7B ). The NSNs also had greater trial-to-trial variance in their Figure 5 . In whole ensembles, ketamine also weakened the SNR for rules via both a reduction in signal and an increase in noise. A, Considering correct trials only, the SNR¸measured as the Mahalanobis distance (D Mah ) between neural correlates of the two rules, remained unchanged by acute ketamine administration (white bar, before injection; black bar, after injection). Gray dots indicate values of individual data points. B, When all trials were considered, the ensemble SNR was significantly compromised by ketamine administration. C, Considering correct trials only, the rule signal, defined as the Euclidean distance (D Euc ) between ensemble activities associated with the two rules, remained unchanged by ketamine. D, When error trials were also included, however, the signal was weakened after ketamine injection. E and F consider correct trials only. E, The total variance, part of the noise factored into the ensemble SNR calculation, was significantly enhanced by ketamine injection (left vs right bars) to the same extent in both task rules (gray vs black bars). F, The averaged correlation coefficient, which is another contributing factor to ensemble SNR, was not changed by ketamine (left vs right bars) regardless of the task rule (gray vs black bars). G and H consider all trials, including errors. G, The total variance was enhanced by ketamine injection (left vs right bars) to the same extent in both task rules (gray vs black bars). H, The averaged correlation coefficient remained unchanged after ketamine administration (left vs right bars) in both prosaccade and antisaccade trials (gray vs black bars). *p Ͻ 0.05, **p Ͻ 0.005, ***p Ͻ 0.0001.
activities (repeated-measures ANOVA, effect of neuronal type: F (1,305) ϭ 6.98, p ϭ 0.0087; Fig. 7C ). In each type of neuron, ketamine significantly increased both firing rates (BSN, p ϭ 7.7 ϫ 10 Ϫ6 ; NSN, p ϭ 5.4 ϫ 10 Ϫ5 ; Fig. 7B ) and trial-to-trial variance (BSN, p ϭ 7.7 ϫ 10 Ϫ6 ; NSN, p ϭ 8.4 ϫ 10 Ϫ6 ; Fig. 7C ). To study the SNR in different types of neurons, we repeated the analyses for both the BSNs and the NSNs separately. When considering all trials, ketamine had a main effect on SNR for rules (repeated-measures ANOVA, effect of drug: F (1,305) ϭ 5.15, p ϭ 0.024; Fig. 7D) , with a marginal effect of neuron type (F (1,305) ϭ 3.10, p ϭ 0.079). Whereas ketamine impaired the SNR in the BSNs (Tukey's post hoc test, p ϭ 0.038), this effect was not significant in the NSNs ( p ϭ 0.56). When only the delay periods before correct responses were considered, there were no effects of drug or neuron type (repeated-measures ANOVA; drug injection, F (1,305) ϭ 0.12, p ϭ 0.73; neuron type, F (1,305) ϭ 1.48, p ϭ 0.23; Fig. 7E ).
Discussion
Working memory is a process supported by neurons of various types organized into intricate microcircuits, which promote and sustain signal in a noisy background (Compte et al., 2000; Durstewitz et al., 2000b; Murray et al., 2014) . Using a task that required the monkeys to represent one of the two saccade rules in working memory, we analyzed the effects of NMDA receptor blockade in the LPFC on the signal and noise in rule representation, which incorporates both the strength and the consistency in information representation. We found that both weakening of the signal and the amplification of the noise across trials contributed to the ketamine-induced deterioration in the SNR. This was the case both within individual neurons and at the ensemble level. Although ketamine affected the mean, SD, and coefficient of variation of delay-period firing rates across trials, unlike the SNR, none of these statistics followed a time course similar to changes in behavioral performance. The weakening of the rule signal, which was defined as the background-corrected difference between the mean firing rates during the two trial types, was quite remarkable given the overall increase in LPFC activity.
Numerous studies have thoroughly examined the differentiation of spatial locations in working memory by LPFC neurons (Funahashi et al., 1989; Rao et al., 1999 Rao et al., , 2000 Compte et al., 2000; Constantinidis et al., 2001; Zhou et al., 2012) . Whereas the average response of LPFC neurons suggests they strongly represent information during delays, the consistency in these representations has been mostly ignored as a critical task-relevant variable. Here, we used the SNR to capture both the strength and the trial-to-trial consistency in rule representation by LPFC neurons. The weakening in the SNR after ketamine injection was partially explained by the increase in the trial-to-trial variance in the firing rates of LPFC neurons, which was common to both types of neurons. Because the increase in variance was not rule specific, we speculate that it may directly contribute to the longer reaction time in all trials performed after ketamine injections (Skoblenick and Everling, 2014) . It may also contribute to the greater probability of committing an error.
Ketamine may enhance cortical activity by increasing glutamate release, which boosts AMPA/kainate receptor currents (Moghaddam et al., 1997; Moran et al., 2015) . This increase in glutamatergic transmission in turn may reflect a disinhibition effect on excitatory neurons, as a result of a stronger effect of ketamine on the NMDA receptors of local parvalbumin-positive GABAergic interneurons (Behrens et al., 2007; McNally et al., 2011) . Consistent with this hypothesis, NMDA blockade via MK-801 has been reported to result in increased and decreased firing rates in BSNs and NSNs, respectively, in the rat medial PFC (Homayoun and Moghaddam, 2007) . By contrast, we found that ketamine enhanced activity in the NSNs. The discrepancy could be attributable to species differences or because different compounds were used. The effect of ketamine on LPFC neurons may have its origins within the LPFC itself or may be a secondary effect of changes in the firing of neurons in afferent regions. In support of this latter possibility, acute ketamine administration has been reported to cause hyperconnectivity between the PFC and other cortical and thalamic regions (Dawson et al., 2013 (Dawson et al., , 2014 Anticevic et al., 2015b) . Such hyperconnectivity was also observed in patients with early-stage schizophrenia (Anticevic et al., 2015a,b) .
Despite the increase in overall activity, the rule signal was weakened by ketamine during the delay periods preceding error responses. This may be a direct result of NMDA receptor blockade, which was shown to be critical for the persistent firing during the delay periods in spatial working memory tasks (Compte et al., 2000; .
Consistent with previous studies (Skoblenick and Everling, 2012, 2014; , we found that the strength of the rule representation during the delay periods of postinjection correct trials was similar before and after the injection. Ketamine at the dosage used may have spared enough NMDA receptors to support the representation of a single rule but not the differentiation of multiple rules. Alternatively, the representation of a single rule could be maintained by AMPA receptor currents, as long as the process engages a sufficiently great number of neurons firing with weak synchrony (Gutkin et al., 2001; Hansel and Mato, 2001; Koulakov, 2001; Latham and Nirenberg, 2004) .
Although the SNR appears to have construct validity in characterizing rule representation, its face validity depends on whether it parallels the time course of changes in behavior. Only ketamine induced the change in the SNR and not the enhancement in firing or change in the CV and paralleled the temporal profile of the change in task performance. This distinction highlights the strong behavioral and cognitive relevance of the difference between activities associated with the two rules and the confounding effect of overall increase in activity that was not specific to rule representation. Interestingly, recent studies have linked the increase in overall activity to the antidepressant effect of ketamine (Duman and Aghajanian, 2012; Fuchikami et al., 2015; . Therefore, ketamine-induced working memory impairment and its antidepressant/anxiolytic effects may involve distinct cellular and synaptic processes.
Our findings have important implications for the discovery of effective pharmacological treatments for schizophrenia. Because NMDA receptor hypofunction leads to excessive cortical excitation (Moghaddam et al., 1997; Jackson et al., 2004) , agonists for the group II metabotropic glutamate receptors (mGluR2/3), which reduce glutamate release, have received much attention for their potential therapeutic effect in schizophrenia (Moghaddam and Krystal, 2012) . Initially, mGluR2/3 agonists were found to be effective in alleviating symptoms, including working memory deficits, in both animal models (Moghaddam and Adams, 1998) and human patients Patil et al., 2007) . However, a more recent clinical trial failed to demonstrate efficacy for the mGluR2/3 agonist LY2140023 (Downing et al., 2014) . To better alleviate working memory impairment, we speculate that a combined inhibition of glutamate release and facilitation of Figure 7 . Ketamine exerted similar effects on the activities of different types of neurons. A, Neurons were classified into two categories: broad-spiking and narrow-spiking neurons based on the bimodal distribution of the peak-to-valley latencies. Neurons recorded from both subjects had similar peak-to-valley latency distributions. B, Although the NSNs (right bars) fired at high rates than the BSNs (left bars), both types of neurons showed an increase in activity level after ketamine injection (open vs filled bars). C, Overall, the NSNs (right bars) fired with greater trial-to-trial variance than the BSNs (left bars). Ketamine increased this variance in both types of neurons (open vs filled bars). There was no interaction between treatment and neuron type. D, The SNR for rules across all trials, including errors, calculated the same way as in Figure 3B , was reduced by ketamine across both types of neurons. E, On correct trials only, the SNR did not change after ketamine injection (empty vs filled bars), nor did it differ between neuron types (left vs right bars). Error bars indicate the SEM. *p Ͻ 0.05, **p Ͻ 0.005, ***p Ͻ 0.0001.
